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ABSTRACT  We  have  studied  the  inactivation  of high-voltage-activated (HVA), 
t0-conotoxin-sensitive, N-type Ca  2+ current in embryonic chick dorsal root ganglion 
(DRG) neurons. Voltage steps from  -80  to 0  mV produced inward Ca  ~+  currents 
that  inactivated  in  a  biphasic  manner  and  were  fit  well  with  the  sum  of  two 
exponentials (with time constants of ~  100  ms and  >  1 s). As reported previously, 
upon  depolarization of the  holding  potential  to  -40  mV,  N  current  amplitude 
was  significantly reduced  and  the  rapid phase  of inactivation all but  eliminated 
(Nowycky, M. C., A. P. Fox, and R. W. Tsien. 1985. Nature. 316:440-443;  Fox, A. P., 
M.  C.  Nowycky,  and  R.  W.  Tsien.  1987a.  Journal  of Physiology. 394:149-172; 
Swandulla, D.,  and  C.  M. Armstrong.  1988. Journal of General Physiology. 92:197- 
218;  Hummer,  M.  R., D. E. Logothetis, and P.  Hess.  1989. Neuron. 2:1453-1463; 
Regan, L. J., D. W. Sah, and B. P. Bean.  1991. Neuron. 6:269-280; Cox, D. H., and 
K. Dunlap. 1992. Journal ofNeuroscience. 12:906-914). Such kinetic properties might 
be  explained  by  a  model  in  which  N  channels  inactivate  by  both  fast  and  slow 
voltage-dependent processes. Alternatively, kinetic models of Ca-dependent inacti- 
vation suggest  that  the  biphasic kinetics and  holding-potential-dependence of N 
current  inactivation  could  be  due  to  a  combination  of Ca-dependent  and  slow 
voltage-dependent inactivation mechanisms. To distinguish between these possibili- 
ties  we  have  performed  several  experiments  to  test  for  the  presence  of  Ca- 
dependent inactivation. Three lines of evidence suggest that N  channels inactivate 
in a Ca-dependent manner.  (a) The total extent of inactivation increased 50%, and 
the ratio of rapid to slow inactivation increased ~ twofold when the concentration of 
the Ca  2§  buffer,  EGTA, in the patch pipette was reduced from  10  to 0.1  mM.  (b) 
With low intracellular EGTA concentrations  (0.1  mM),  the ratio of rapid to  slow 
inactivation was  additionally increased when  the  extracellular Ca  2§  concentration 
was raised from  0.5  to  5  mM.  (c) Substituting Na §  for Ca  2§  as the permeant  ion 
eliminated the rapid phase of inactivation. Other results do not support the notion 
of current-dependent inactivation, however. Although high intraceUular EGTA (10 
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mM)  or BAPTA  (5  mM) concentrations suppressed  the rapid  phase  inactivation, 
they did not eliminate it.  Increasing the extracellular Ca  2§  from 0.5 to 5 mM had 
little effect on this  residual  fast inactivation, indicating that  it is  not appreciably 
sensitive to Ca  z+ influx under these conditions. Thus, it appears that both voltage- 
and current-dependent mechanisms underlie N current inactivation in chick sensory 
neurons, the latter only becoming significant under low CaZ+-buffering  conditions. 
INTRODUCTION 
Voltage-activated  Ca 2§  channels  provide  a  link  between  electrical  activity  and 
intracellular chemical signaling. They are believed to play a crucial role in a number 
of cellular processes including regulation of gene expression, excitation-contraction 
coupling  and  neurotransmitter  release  (Sheng,  McFadden,  and  Greenberg,  1990; 
Catterall,  1991;  Augustine,  Charlton,  and  Smith,  1987).  Over  the  last  few years, 
high-voltage-activated (HVA)  Ca  2+  channels  have been classified into  N,  L,  and  P 
types  based  on  their  sensitivity  to  various  pharmacological  agents  (Swandulla, 
Carbone, and Lux,  1991; Llinas, Sugimori, Hillman, and Cherksey,  1992). 
When studied from a holding potential of -80 mV, the HVA Ca  2+ current of chick 
dorsal root ganglion (DRG) neurons inactivates with both fast and slow components. 
In  general,  the  fast  component  has  a  time  constant  of  ~  100  ms,  and  the  slow 
component decays with a  time constant greater than  1 s (Nowycky, Fox, and Tsien, 
1985; Fox, Nowycky, and Tsien,  1987a; Swandulla and Armstrong,  1988). Interest- 
ingly, when the holding potential is depolarized from -80 to -40 mV, the peak Ca  2+ 
current amplitude  is  reduced,  and  the  rapid  phase  of inactivation is  nearly elimi- 
nated. These observations were explained early on by single channel recordings in 
DRG  cells  that  revealed  noninactivating,  DHP-sensitive,  L-type  channels  whose 
activity was undiminished  by changes  in  holding potential,  and  inactivating,  DHP- 
resistant,  N-type channels that were sensitive to changes in holding potential (Fox, 
Nowycky,  and  Tsien,  1987b).  Such  observations  prompted  these  investigators  to 
classify the rapidly inactivating component of Ca  2+  current as N-type, and the slow 
component  as  L-type  (Nowycky  et  al.,  1985;  Fox  et  al.,  1987a, b).  More  recent 
experiments,  however, have  demonstrated  that  most  of the  HVA Ca  2+  current  in 
chick DRG neurons is blocked by t0-conotoxin (o-CgTx), a  peptide toxin from the 
marine snail Conus geographus, which does not block L or P-type currents (Aosaki and 
Kasai,  1989; Plummer, Logothetis, and Hess, 1989; Regan, Sah, and Bean,  1991). In 
fact, in chick DRG cells less than 1 d in vitro, all of the HVA Ca 2+ current is blocked 
by 0J-CgTx and  thus  defined as  N-type (Cox  and  Dunlap,  1992).  In  light  of this 
result,  it becomes clear that the properties of HVA Ca  2+  current inactivation listed 
above, which were originally attributed  to a  combination of L  and  N  current,  are 
associated solely with N current. 
A  wide  variety of presynaptic  inhibitory  transmitters  including:  norepinephrine 
(NE),  GABA,  adenosine,  opioids  and  LHRH  have  been  shown  to  modulate  the 
response  of  N-type  channels  to  changes  in  membrane  potential  (Dunlap  and 
Fischbach,  1978,  1981;  Forscher  and  Oxford,  1985;  Kasai  and  Aosaki,  1989; 
Plummer et al.,  1989; Elmslie, Zhou, and Jones,  1990; Sah,  1990; Regan et al.,  1991 ; 
Cox and Dunlap,  1992; Boland and Bean,  1993). This is perhaps not surprising in 
view of the fact that N channels trigger neurotransmitter release at a variety of central Cox AND DUNL~  N Channel Inactivation  313 
and  peripheral  synapses  (Kerr  and  Yoshikami,  1984;  Hirning,  Fox,  McCleskey, 
Olivera,  Thayer,  Miller,  and  Tsien,  1988;  Holz,  Dunlap,  and  Kream,  1988;  Lips- 
combe,  Kongsamut,  and Tsien,  1989;  Home and  Kemp,  1991;  Gruner,  Silva,  and 
Dunlap,  1992).  Alterations in  N  channel  function  may, therefore,  modulate  neuro- 
transmitter release (Hirning et al.,  1988;  Holz et al.,  1988;  Lipscombe et al.,  1989). 
Another potentially important mechanism for N  channel modulation,  and thus,  the 
regulation  of neurotransmission,  is  the  inactivation of these channels  produced  by 
sustained  depolarizations  (Frank  and  Fourtes,  1957;  Eide,  Jurna,  Jansen,  and 
Lunberg,  1968).  An understanding  of the properties and underlying mechanism of 
this process will be essential in order to ascertain the effects of N channel inactivation 
on neurotransmission.  A  better understanding  of the  inactivation process may also 
facilitate the identification of calcium channel currents observed at the single channel 
level which contribute to macroscopic N  current. 
Mechanisms  of Ca  2+  current  inactivation  can be divided  into  two categories:  (a) 
voltage-dependent  inactivation  (as  originally  described  by  Hodgkin  and  Huxley 
(1952)  for  the  squid  giant  axon  Na §  channel)  involves  transitions  of  channel 
molecules  into  a  refractory  state  that  is  promoted  by  depolarization.  (b)  Ca  2+- 
dependent  inactivation  (as  originally  described  by  Brehm  and  Eckert  [1978]  and 
Tillotson [1979]) involves transitions of channel molecules into a refractory state that 
is produced by binding of Ca  z+  ions  following their influx  through  open channels. 
HVA  Ca  2+  current  of  molluscan  neurons  exhibits  biphasic  inactivation  kinetics 
qualitatively similar to that of N  current in chick DR(;. neurons. The biphasic nature 
of inactivation in these neurons is most likely due to Ca2+-dependent inactivation of a 
single current type (Chad, Eckert, and Ewald,  1984;  Eckert and Chad,  1984). 
The similarity in inactivation kinetics of Ca  z§ current in molluscan and chick DRG 
neurons  has  prompted  us  to  test  the  hypothesis  that  the  N  current  in  these  cells 
inactivates  in  a  Ca2+-dependent  manner.  We  report  here  the  results  of  several 
experiments which suggest that the N channels of chick DRG neurons can inactivate 
by a  Ca-dependent  process;  however, the  biphasic kinetics  of inactivation observed 
with  high concentrations  of Ca  2+  chelators in  the  patch pipette are predominately 
due to voltage-dependent processes. 
METHODS 
Culture 
Dorsal root ganglia were dissected  from 11-12 d chicken embryos, dissociated  by trituration 
and  grown  in  cell  culture  according  to  methods  previously  described  (Holz  et  al.,  1988). 
Recordings were made from DRG neurons within  24  h  of plating. At this  stage in  culture, 
neurons exhibited only short, thin processes or none at all and good spatial control of voltage 
could be attained. 
Electrical Recording 
All  experiments were performed using  standard  tight-seal,  whole  cell  recording  techniques 
(Hamill,  Marty,  Neher,  Sakmann,  and  Sigworth,  1981) with  a  List  EPC-7  patch-clamp 
amplifier. Capacity transients were compensated using the EPC-7's cancellation circuitry,  and 
series resistance (typically 3--4 MII) was compensated to ~ 50%. Cells were routinely stimulated 314  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 104  ￿9 1994 
every 10 s except during the generation of I-V and steady state activation curves, during which 
test pulses were given every 2 s. Current traces were digitized at 10 KHz and digitally filtered at 
1 KHz for display. Some data analysis was done with "Igor" graphing and analysis software 
from WaveMetrics (Lake Oswego, OR) on a Macintosh computer. High-voltage-activated (HVA) 
Ca  2+  currents  from  all cells studied were  completely blocked by  5  ~M  to-conotoxin GVIA 
(to-CgTx).  Capacity  and  leak  currents  were  routinely  subtracted  from  Ca  ~+  currents  by 
subtracting traces taken after ~o-CgTx block from those taken before, as indicated in the figure 
legends.  Currents  carried  by  monovalent  ions  through  Ca  2+  channels  were  not  always 
completely blocked by to-CgTx. Capacity and leak currents were either left unsubtracted from 
these traces, or subtracted using a standard P/4 protocol with a holding potential of -120 mV 
as indicated in the figure legends. Tail current amplitudes were measured at the apparent peak 
of the tail current from unfiltered P/4 subtracted records. The amplitudes of the fast and slow 
components  of inactivation were  determined  from  the  amplitudes  of the  two  exponential 
functions used to fit each trace. 
Solutions~Chemicals 
o~CgTx GVIA was obtained from Bachem California (Torrance, CA),  stored as a  1 mM stock 
solution in distilled water, and diluted to 5  la,  M in external recording solution the day of the 
experiment, t0-CgTx was applied, and external solutions were exchanged, by superfusion from 
puffer pipettes with tip diameters approximately 3-5  ~m as previously described (Pane and 
Dunlap,  1990). 
For most experiments the following solutions were used. Variations in these solutions are 
indicated, when necessary, in the figure legends. Patch pipettes were filled with (in millimolar) 
CsOH  188,  Gluconic acid  112,  ethyleneglycol-bis-(b-amino-ethyl  ether) N,N'-tetraacetic acid 
(EGTA) 10 unless indicated as 0.1, Hepes 10, NaCI 3.6 (pH =  7.4). Ca  2+ current measurements 
were made with the following external solution (in mM): Na-glutamate 79, glutamic acid 70, 
TEA-OH 50, Hepes 25, CsOH 8.3, glucose 5, CaCI2  1, MgCI~ 0.8,  tetrodotoxin (q-Tx)  3  IzM 
(pH =  7.4).  Na  + currents through  Ca  2+  channels were recorded with the following external 
solution: glutamic acid 143,  TEA-OH  110,  Hepes 25, CsOH 8.3,  glucose 5,  NaOH  28,  NaCI 
3.6, EGTA 1, TTx 3 o,M (pH =  7.4). 
RESULTS 
Isolation  of N  Current 
We have studied the kinetics of Ca  2+ current inactivation in chick DRG neurons. Our 
study was limited to neurons  that had been in culture less than  24  h. At this stage, 
DRG  neurons  had  extended  only short,  thin  processes  (or  none  at  all),  and  good 
spatial  control  of  voltage  could  be  attained.  Few  cells  (< 10%)  exhibited  low 
voltage-activated (LVA)  Ca  2+  current  as judged  by  a  lack of inward  current  upon 
depolarization to -40  mV, and the absence of a  transient, o~-CgTx-resistant current. 
Those  cells  which  clearly  displayed  LVA  Ca  2+  current  were  excluded  from  our 
analysis.  In  all  cells  examined  (n--69),  all  HVA  inward  current  was  irreversibly 
blocked by o~-CgTx (Fig.  1 A), a  toxin which has been used to separate N-type from 
L-type Ca  2+  currents  in  several cell types (Aosaki and  Kasai,  1989;  Plummer  et al., 
1989;  Regan  et al.,  1991;  Cox and  Dunlap,  1992).  Taking advantage of the toxin's 
specificity, we routinely subtracted capacity and leak currents from the Ca 2+  current 
records by  subtracting  traces  taken  after  from  those  taken  before  oJ-CgTx  (5  p~M) Cox AND DUNLAP  N  Channel Inactivation  315 
application.  This  procedure  also  insured  that  there  were  no  voltage-dependent, 
~-CgTx-resistant currents which might otherwise have contaminated our records. 
Care  was  also  taken  to  eliminate  Ca2+-activated  CI-  current  (Clc~-)  from  Ca  2+ 
current records (Mayer,  1985;  Bernheim,  Bader, Bertrand, and Schlichter,  1989).  In 
solutions in which  CI- was  the major internal and  external anion,  prolonged (1  s) 
depolarizations stimulated sufficient Ca  2+ entry to evoke Clc~- current. Such current 
was  observed  after  repolarizations  as  a  prolonged  tail  current  sometimes  lasting 
hundreds of milliseconds. To minimize Clca- current,  the internal and external CI- 
concentrations  were  reduced  to  3.6  mM.  This  effectively eliminated Clca-  current 
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FIGURE  1.  Isolation of N-type Ca  2+ current.  (A) Whole cell currents recorded from a  chick 
DRG neuron during  1 s depolarizations from  -80 to 0  mV before (control)  and  1 rain after 
superfusion  of the  cell with  5  t~M  0~-CgTx.  (B)  Cell was  subjected  to  a  voltage protocol 
consisting of two depolarizing test pulses from -80 to 0 mV, the first 20 ms and the second 400 
ms in duration. The two pulses were separated by a  10-ms pulse to -80 inV. Capacity and leak 
currents were subtracted from each trace with a P/4 protocol. Peak tail current amplitudes were 
measured  after  repolarization from  each  test  pulse  (points  b  and  d).  The  ratio  of these 
amplitudes was compared to the ratio of current amplitudes measured just before repolariza- 
tion  (points a  and c).  (Inset)  Tail currents  on  an  expanded  time  scale.  10  mM  EGTA was 
included in the patch pipette for each experiment. In this and subsequent figures, horizontal 
dashed lines represent zero current. 
when  10  mM  EGTA was  included in the patch  pipette solution. As discussed later, 
some experiments were performed with 0.1  mM  EGTA in the patch pipette. Under 
these  conditions,  a  larger percentage  (~ 50%)  of cells displayed Clca-  currents.  As 
this current is expected to be largest at repolarized potentials away from 0  mV, only 
cells which showed little or no prolonged current after repolarization to -80  mV, and 
were thus not contaminated with Clca- current, were included in our study. 
To test whether contaminating outward Cs + current contributed to the time course 
of  DRG  neuron  Ca  2+  currents,  we  studied  tail  currents  at  the  Cs +  equilibrium 
potential (set to  -80  mV).  Using the two-pulse protocol illustrated in Fig.  1 B,  tail 316  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104  ￿9  1994 
currents were measured at two points in time after the initial depolarization, 20 ms 
(near peak Ca  2+ current) and 430 ms (after substantial decline in net inward current). 
The decline in tail current amplitude matched precisely (within 2%) the decline in net 
inward current measured  at  0  mV  during the  interval between  these  time  points 
(n =  9),  indicating  that  the  decay  in  Ca  2+  current  results  from  Ca  2+  channel 
inactivation  rather than the activation of a contaminating  outward current. Consistent 
with  this,  the Ca2+-activated K +  channel antagonist charybdotoxin (at  50  nM) was 
without effect on the Ca  2+ current (data not shown). 
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FIGURE 2.  Biphasic kinetics of 
N  current  inactivation.  (A) 
Whole cell  Ca  z+  currents mea- 
sured during  1-s voltage  steps 
to 0 mV from either a  -80 (1), 
(3),  or a  -40  mV (2)  holding 
potential (Vh). Trace 2  was re- 
corded 40 s after the change in 
Vw Trace 3 was recorded 60 s 
after  moving the  holding po- 
tential  back  to  -80  mV.  (B) 
Trace 1 of (A) was fit with the 
sum  of two  exponential func- 
tions  (white line) with  ampli- 
tudes of -735 and -1510 pA, 
and  time constants of 81  and 
2,720 ms, respectively.  (C) Ca  2+ 
current recorded from a different cell under the same conditions as trace 1 in (A), demonstrat- 
ing a cell with an unusually small rapid component of inactivation. (D) Plotted time course of 
the change in current amplitude after Vh depolarization from -80 to -40 mV. Each filled circle 
represents the mean of five experiments. Error bars represent standard deviation from the 
mean. For quantitation of the change in current amplitude with Vh, peak current measurements 
were made before and 40 s after (arrow), depolarization of the holding potential from -80 to 
-40 inV. 10 mM EGTA was included in the patch pipette for each experiment. Current traces 
recorded after N current block with 5 lrM ~0-CgTx were used for leakage subtraction. 
Properties of N  Current Inactivation 
Having established  that  the  inactivation we  observed  was  due  only  to  HVA  Ca  2+ 
channels, we proceeded to characterize this process. In Fig. 2 A (trace 1) is displayed 
a  Ca  9+  current  recorded  during a  voltage  step  from  -80  to  0  inV.  The  pipette 
solution contained  10  mM  EGTA.  Over  the  course  of this  l-s  depolarization, the 
current inactivated in a  biphasic  manner to  46%  of its  peak  value.  In  18  similar 
experiments, the Ca  2+ current inactivated to 70  +_  6.3% of its peak value in 200 ms 
and to 46  -+  9.8% of its peak in 1 s (averages +  SD). The inactivation process could 
be fit well with the  sum of two  exponentials as  shown in Fig.  2 B.  The mean time 
constant for the fast component of inactivation was  102  +  23 ms, whereas  the slow 
component had  a  time constant which was  greater than 2,000  ms.  In general, the Cox AND DUNLAP  N  Channel Inactivation  317 
amplitude of the fast component was  ~ 0.5 that of the slow component, and this ratio 
varied  little  over recording  times up  to  30  min.  In  20%  of cells  studied,  currents 
showing relatively little fast inactivation were observed. An extreme example of this is 
shown in Fig. 2 C. 
The peak amplitude and inactivation kinetics of N-type Ca  2§  current are depen- 
dent on holding potential  (Nowycky et al.,  1985;  Fox et al.,  1987a;  Swandulla  and 
Armstrong,  1988; Aosaki and Kasai,  1989;  Plummer et al.,  1989;  Regan et al.,  1991; 
Cox  and  Dunlap,  1992).  The  currents  in  Fig.  2A  were  measured  following  step 
depolarizations to 0  mV from a  holding potential of -80  mV (trace 1) or 40 s after 
the holding potential was shifted from -80  to  -40  mV (trace 2).  On average, peak 
Ca  2+ current was reduced 57  -+  12% (n =  10) by this manipulation.  In addition,  the 
rapid  phase  of inactivation  was  preferentially  diminished  at  less  negative  holding 
potentials;  in  10 cells,  the currents  elicited  from  -40  mV exhibited  predominately 
the slow component of inactivation (inactivating to 86 -+ 7.5% of its peak amplitude 
in 200  ms and to 65 -+ 15% of peak in  1 s). The decline in current amplitude with 
depolarization of the holding potential developed over tens of seconds,  and,  as can 
be  seen in  Fig.  2 D,  was  nearly  complete  at 40  s.  This  time point was  chosen  for 
comparison because at times later than 40 s the slow decline in current amplitude was 
sometimes difficult to distinguish  from current run-down. The process by which the 
N  current amplitude  inactivates when  the  holding  potential is shifted from -80  to 
-40 mV must be strictly voltage-dependent, as no inward current is produced by this 
depolarization.  Return of the holding potential to -80  mV reverses the inactivation 
(Fig.  2 A,  trace 3),  distinguishing  this voltage-dependent  decline  in  inward  current 
from run-down.  No  rapid  alterations  in  the  ratio  of fast  to  slow inactivation were 
observed in our recordings over time, again arguing against the selective run-down of 
one of the two components. 
As with the N current described here, the HVA Ca  2+ current of molluscan neurons 
inactivates with both fast and slow components (Chad et al.,  1984;  Eckert and Chad, 
1984). Chad, Eckert and colleagues (Brehm and Eckert,  1978; Tillotson,  1979; Chad 
et al.,  1984; Eckert and Chad,  1984) have demonstrated that the biphasic inactivation 
of this current is due to a CaZ+-dependent process. They have further shown that the 
ratio of the rapid to slow phase of inactivation is reduced when the current is partially 
block with Cd 2+ (Chad et al.,  1984).  Mathematical models of Ca-dependent inactiva- 
tion  suggest  that  this  effect  is  due  to  a  decrease  in  the  initial  rate  of  Ca  2+ 
accumulation near the  inner  surface of the channels  as the maximum rate of Ca  ~+ 
entry is reduced (Eckert and Chad,  1984). As described above, with the N  current of 
chick DRG neurons we see a  similar reduction  in the rapid phase of inactivation as 
the current  amplitude is reduced in this case by depolarizing the holding potential 
from -80 to -40 mV. These results raise the possibility that the biphasic inactivation 
we observe over the course of 1-s depolarizations from -80 to 0 mV is predominately 
due  to  a  current-dependent  process.  The  kinetics  of this  process  might  then  be 
altered  by  changes  in  current  amplitude  such  as  is  brought  about  the  slower 
voltage-dependent  inactivation  observed  upon  depolarizing  the  holding  potential 
from  -80  to  -40  mV  (Fig.  2D).  Alternatively,  the  properties  of  N  current 
inactivation might be explained by a combination of fast and slow voltage-dependent 
processes. If the fast inactivation process is incomplete such that at  -40  mV a near 318  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 104  ￿9 1994 
maximal amount  of inactivation is achieved,  further  depolarization to  0  mV would 
results  in  a  current  of  smaller  amplitude  whose  decay  was  due  only  to  slow, 
voltage-dependent  inactivation  thus  accounting  for  the  loss  of the  rapid  phase  of 
inactivation upon  depolarization of the  holding  potential.  To  distinguish  between 
these  two  possibilities we  looked for evidence of Ca  dependence  to  the  N  current 
inactivation. 
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FIGURE 3.  Comparison  of  N 
current  inactivation  rate  with 
Ca  2+  entry.  Whole  cell  Ca  2+ 
currents were measured during 
three  successive  depolarizing 
voltage  pulses  separated  by 
10-ms  intervals.  Holding  po- 
tential was  -80  inV.  The  first 
(P1) and third (P3) pulses were 
each  to  0  mV  for  20  ms.  The 
second pulse (P2) was  500  ms 
long and variable in amplitude. 
Stimuli  were  delivered  at  0.1 
Hz. The amplitudes of P2 were 
delivered  in  the  following or- 
der:  (-80,  +80,  0,  -40,  +40, 
-20,  +20,  0,  -10,  and  +10). 
The  ratio of the  peak  current 
during P3  to that of P1  (13/11) 
was  used  as  an  index  of  the 
inactivation  occurring  during 
P2.  (A) Displays currents recorded with P2 at  -80,  +80,  and 0 mV.  Current traces recorded 
after N current block with 5 p,M ~0-CgTx were used for leakage subtraction. 10 mM EGTA was 
present  in  the  patch  pipette  for  each  experiment.  (B)  Plotted 13/11  as  a  funcdon  of P2 
potential. Plotted points represent the mean -+ SD of six experiments. In C, the data of B have 
been normalized to maximal inactivation and plotted as a function of voltage together with the 
normalized mean current (I2/I2max). 
Inactivation as a  Function of Prepulse Potential 
We first compared Ca 2+ influx and inactivation. The experiment of Fig. 3  employs a 
variation on the classic two-pulse protocol used by previous investigators to test for 
the presence of current-dependent inactivation (Brehm and Eckert,  1978; Eckert and 
Chad,  1984;  Kalman,  O'Lague,  Erxleben,  and Armstrong,  1988;  Kasai and Aosaki, 
1988).  In  this  experiment,  a  conditioning prepulse of varying amplitude and fixed 
duration is followed by a  short test pulse to a  potential that evokes maximal current. 
The  amplitude of the  current  during  the  test  pulse  is used  as  an  indicator of the 
extent  of  inactivation  produced  by  the  prepulse.  If  the  inactivation  during  the 
prepulse  is  strictly  current-dependent,  maximum  inactivation  should  occur  at  the 
potential which elicits maximum inward current. COX AND DUNLAP  N Channel Inactivation  319 
We used a three-ptdse protocol with test pulses to 0 mV before and after a 500-ms 
conditioning  pulse.  The  current  amplitude  evoked by pulse  3  (13) divided  by that 
evoked by pulse  1 (11) was then plotted as a  function of the conditioning  potential 
(Fig.  3 B).  When  this curve is compared with  the  mean current  produced  by each 
conditioning  pulse  (Fig.  3 C),  it  is  clear  that  maximum inactivation  occurs  at  the 
point  of  peak  current  and  decreases  at  both  more  negative  and  more  positive 
potentials.  (Note that the time base in Fig.  3  is expanded relative to that in Fig.  2, 
making the rapidly inactivating component less apparent to the eye.) In addition to 
this  apparent  current-dependent  inactivation,  substantial  inactivation  (~20%)  is 
produced by prepulses to -40 mV where no measurable inward current is observed. 
This is as expected if we are observing a combination of slow, voltage-dependent and 
current-dependent  inactivation  processes.  It has been demonstrated,  however,  that 
such a  U-shaped inactivation curve can be explained by a  strictly voltage-dependent 
model  of inactivation  in  which  the  microscopic  rate  constant  for  inactivation  de- 
creases rather than increases with more positive depolarizations  (Jones and Marks, 
1989).  These  results,  therefore,  do  not  provide  conclusive  evidence  for  current 
dependence. 
Inactivation as a Function of the IntraceUular Ca § Buffer Concentration 
If a  Ca2+-dependent  inactivation process exists in  these cells,  and  the  site of Ca  2+ 
action  is  accessible  to  intracellular  Ca  2+  buffers,  one  would  expect  that  as  the 
concentration  of buffer  is  reduced,  the  initial  rate  and  the  extent  of inactivation 
should increase. Such effects were observed for the N current of chick DRG neurons. 
Fig. 4  illustrates the change in the inactivation kinetics produced upon lowering the 
concentration  of EGTA in the patch pipette from  10 to 0.1  mM. The traces in the 
upper and middle panels are typical of currents recorded from different cells in the 
presence  of each  concentration  of EGTA.  When  the  currents  are  normalized  and 
superimposed  (as  shown  in  the  lower  panel  of Fig.  4),  it  becomes  clear  that  the 
current  measured with  0.1  mM internal  EGTA inactivates to a  greater extent than 
that with  10 mM internal EGTA. Comparing many cells, the N  current inactivated to 
70  •  6.3% of peak in 200 ms and to 46 -+ 9.8% in  1 s for 10 mM EGTA (n =  18) as 
compared to 52  -  8.6% of peak in 200 ms and 20  -+ 7.2% in  1 s for 0.1  mM EGTA 
[n =  14]).  In Fig. 4  (middle),  two traces are superimposed. The more lightly colored 
trace  was  recorded  6  s  after  the  darker  trace  demonstrating  that  the  increased 
inactivation  observed  with  0.1  mM  EGTA  in  the  patch  pipette  recovered  within 
seconds  when  the  membrane  potential  was  returned  to  -80  mV.  The  two-pulse 
experiment of Fig.  1 B was also performed during recordings with 0.1  mM internal 
EGTA. Again no significant difference (within 2%, n  =  6) between the decline in tail 
current amplitude measured at -80 mV and the inactivation of the test pulse current 
measured at 0 mV was observed, indicating that the more prominent rapid phase of 
inactivation observed in the low EGTA condition was not due to the development of a 
Ca2+-dependent  outward  current  (data  not  shown).  At both  EGTA concentrations, 
the kinetics of inactivation were biphasic, and  the fast time constants were indistin- 
guishable  (100 _  23 ms with 0.1  mM EGTA and  102 +  23 ms with  10 mM EGTA). 
The slow time constants could not be accurately measured with  1-s depolarizations; 
however, in general,  it appeared that at 0.1  mM  EGTA the slow time constant was 320  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104 -  1994 
between 1 and 2  seconds, while at  10 mM EGTA it was greater than 2  s. The mean 
ratio  of the  amplitude of the  fast  phase  of inactivation relative to  the  slow  phase 
(Afa,t/Aslow) increased from 0.45 to 0.98 when the concentration of EGTA in the patch 
pipette  was  lowered.  These  results  are  consistent with  the  presence  of  a  Ca  2+- 
dependent inactivation mechanism. 
Inactivation  as a  Function  of the ExtraceUular Ca + Concentration 
To  directly  alter  Ca  2+  entry  during depolarization,  and  thereby  affect  any  Ca  2+- 
dependent inactivation process, Ca  2+ currents were studied with either 0.5 or 5  mM 
Ca  2+ in the bath solution. When switching from 0.5 to 5 mM extracellular Ca  2+, the 
_ o~  L 
10 mM EGTA 
100 ms 
0.1 mM EGTA 
100 ms 
TA 
FIGURE 4.  Effects of changing the intracel- 
lular Ca  2+  buffer concentration. Ca  z+  cur- 
rents recorded from two separate cells with 
either 10 mM (top) or 0.1 mM (middle) EGTA 
in the patch pipette. The current in 10 mM 
EGTA was scaled to peak current in 0.1 mM 
EGTA and the two traces superimposed for 
comparison  (bottom).  In  the  middle panel, 
two  consecutive traces  are  displayed.  The 
gray colored trace was recorded 6 s after the 
darker trace. Traces recorded after current 
block  with  5  p,M  o-CgTx  were  used  for 
leakage subtraction. 
Ca  2+  current measured with voltage steps from  -80  to 0  mV increased from 2.3  to 
4.1 fold (mean =  3.1  +  0.51 fold; n  =  15; Fig. 5, upper panels). With 0.1 mM EGTA in 
the internal solution, this increase in Ca  2+ current caused a 40 -  17% increase in the 
extent of inactivation measured at 200 ms, and a  29 +  11% increase measured at 1 s 
(n =  7;  Fig.  5A).  Furthermore,  the  rapid  phase  of  inactivation  became  more 
prominent  relative  to  the  slow  phase,  such  that  the  ratio  of  their  amplitudes 
(Afast/Aslow)  increased  from  0.7  to  1.9.  The  increase  in  rapid  to  slow  inactivation 
observed in the presence of 0.1  mM EGTA was reversible after removal of the 5 mM COX AND DUNLAP  N  Channel Inactivation  321 
Ca ~§  The N  current amplitude returned  to control levels within 60  s after applica- 
tion of 5 mM Ca  2+. At this time, the ratio of fast to slow inactivation had recovered to 
1.05,  a  value somewhat higher than  that measured before application of high Ca  2§ 
but considerably lower than  1.9 the value observed with 5  mM external Ca  2§ 
With 10 mM EGTA in the internal solution, the results were more complex. Eight 
experiments were performed in the same manner a that of Fig. 5 A, excepting that 10 
mM  rather  than  0.1  mM  EGTA  was  included  in  the  patch  pipette.  In  these 
experiments,  a  ~ threefold  increase  in  current  amplitude  had  little  effect  on  the 
kinetics  of  inactivation  (n =  8;  Fig.  5 B)  suggesting  that  under  these  conditions 
inactivation is not significantly current dependent. 
A  0.1 mM EGTA  B  10 mM EGTA 
_8~  1_  -8 J  L 
 / 00m7 
normalized  normaIized 
0.5 mM Ca  (~  '  5mMCa 
FIGURE 5.  Effects  of  increas- 
ing the extracellular Ca  ~+ con- 
centration. (A) Whole cell Ca  ~+ 
currents  recorded  during  1-s 
voltage steps from -80 to 0 mV 
with  0.1  mM  EGTA  in  the 
patch pipette solution. The top 
panel  shows  current  traces re- 
corded with either 0.5 or 5 mM 
Ca  2+ in the solution bathing the 
cell.  These  currents  are  nor- 
malized to their peaks and  su- 
perimposed in the lower panel 
for comparison. (B) Shows the 
same  experiment as in A  per- 
formed on  a  different cell ex- 
cept  that  10  mM  rather  than 
0.1  mM EGTA was included in 
the  patch  pipette.  Current 
traces were leakage subtracted using traces recorded following application of 5  I~M ~o-CgTx. 
(Solutions) External solutions contained (in millimolar): Na-glutamate 71,  glutamic acid 70, 
TEA-OH  50,  Hepes  25,  CsOH  8.3,  glucose  5,  MgCI2  0.8,  tetrodotoxin  (TFx)  3  IxM, and 
Ca-gluconate 5 (5 mM Ca) or Ca-gluconate 0.5 and Na gluconate 9 (0.5 mM Ca). 
Experiments  were  also performed  in which  cells were  held  at  -40  mV  (10  mM 
internal EGTA) and the concentration ofextracellular Ca  2§ was elevated from 1 to 10 
mM. If the loss of the rapid phase of inactivation normally observed upon depolariz- 
ing the  holding potential from  -80  to  -40  mV  (Fig.  2A)  is  due  to reduced Ca  2§ 
influx  during  currents  elicited from  the  more  depolarized  holding  potential,  then 
one  would  expect  to  recover  the  rapid  phase  of  inactivation  by  increasing  the 
amplitude of the currents elicited from  -40  mV to the level observed with depolar- 
izations from  -80  mV. To test this, we performed the experiment illustrated in Fig. 
6.  Cells were  held at  -80  mV,  and  calcium currents were  recorded at 0  mV  in  an 
extracellular solution containing  1  mM  Ca  2+  (trace  1).  The  holding  potential was 
then  depolarized to  -40  mV,  and  after 50-60  s, a  smaller current with diminished 
rapid phase inactivation was observed (trace 2). The cell was then  superfused with a 322  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104.  1994 
solution which contained 10 mM Ca  2+ and currents recorded (trace 3). In seven such 
experiments, increases in current amplitude between 1.21  to  3.4 fold (mean =  2.2- 
fold) were observed when superfusing with  10 mM Ca  2§  In these cells, we saw little 
effect of the increase in current amplitude on the  inactivation kinetics of the Ca  9+ 
current. Before superfusion with 10 mM Ca  ~+, the current recorded from a  -40  mV 
holding potential inactivated to 89.6  -  7.2% of peak in 200 ms and to 74.6  _+  8.6% 
A 
B 
(2),(4)  , ......  h ,,.L.~,.LL.J,,~  .~U,X, 
(1) 
250 pA [__ 
150 ms 
(4) 
200 pA l__ 
150 ms 
FIGURE 6.  Effect of raising extracel- 
lular Ca  2+ on currents elicited from a 
depolarized  holding  potential.  Cells 
were bathed in a solution which con- 
tained 1 mM Ca  ~+. Ca  2+ currents were 
recorded from a holding potential of 
-80  mV  (1).  The  holding potential 
was then depolarized to -40 mV and 
50  s later, currents marked (2) were 
recorded. Cells were then superfused 
with  a  solution which  contained  10 
mM Ca  ~+ and the currents marked (3) 
were  recorded.  All  test  depolariza- 
tions were to 0  mV for  1 s.  Capacity 
and leak currents were not subtracted 
from the current traces displayed. (A) 
An example of a cell in which super- 
fusion with 10 mM Ca  ~+ (3) produced 
a  2.3-fold increase in current ampli- 
tude that had little effect on the inac- 
tivation of the current recorded from 
a  -40  mV  holding  potential.  The 
recovery trace (4) was recorded  170 s 
after superfusion was terminated. (B) 
An example of a cell which  displayed 
a larger increase in current amplitude 
(3.5  fold)  upon  superfusion with  10 
mM Ca  2+  and the restoration of the 
rapid  phase  of inactivation. The  re- 
covery trace marked (4) was recorded 
80 s after superfusion was terminated. 
(Solutions)  External  solutions  con- 
mined (in miUimolar):  Na-glutamate 70-75, glutamic acid 50, TEA-OH 50,  Hepes 25,  CsOH 
8.3,  glucose  5,  MgCI~ 0.8,  tetrodotoxin  (TI'x) 3  ~M,  and  either Ca-gluconate  10,  or  Ca 
gluconate 1 and Na gluconate 18. 
after  1  s.  After  the  increase  in  extracellular  Ca  2+,  the  larger  current  inactivated 
similarly to 88.0  -+ 6.3% of peak in 200 ms and to 73.3  __-  10.3% after  1 s. In four of 
these  seven  cells,  the  current  in  10  mM  Ca  2§  (-40  mV  holding  potential) was 
significantly smaller than  the  current measured  in  1  mM  Ca  2+  (-80  mV  holding 
potential); as a  result, comparison of the inactivation kinetics of these currents was 
difficult to  interpret.  In three  of these  cells,  however,  the  current in  10  mM  Ca/+ Cox AND DUNLAP  N  Channel Inactivation  323 
(-40 mV holding potential) was similar  to that measured in  1 mM Ca  2+  (-80 mV 
holding  potential).  One  such  experiment  is  shown  in  Fig.  6A.  In  this  case, 
superfusing  with  10  mM  Ca  2+  caused  a  2.3-fold  increase  in  current  amplitude 
bringing the current measured from a  -40 mV holding potential (trace 3) near to the 
amplitude  of the  current  measured  from a  -80  mV holding potential with  1 mM 
external Ca  z+ (trace 1). Despite the similarity in current amplitude the rapid phase of 
inactivation observed in trace  1  is not prominent in trace 3  indicating that with  10 
mM  EGTA in  the  internal  solution current amplitude  alone  does not dictate  Ca  2+ 
current inactivation kinetics. 
In four cells,  however, when the amplitude  of the Ca  ~+  current recorded from a 
-40 mV holding potential was increased by superfusing the cell with  10 mM Ca  2+, a 
prominent  rapid  phase  of  inactivation  was  observed.  An  example  of  one  such 
experiment is shown in Fig. 6 B.  In this cell the peak amplitude of trace 3, recorded 
in  10 mM external  Ca  2+  from a  -40 mV holding potential,  is  3.5-fold larger than 
that measured from the same holding potential with  1 mM external Ca  2+  (trace 2), 
and a rapid phase of inactivation now appears which is similar to that observed with 
pulses from  -80 to 0  mV in  1 mM external  Ca  ~+  (trace  1).  In the four cells which 
developed  a  rapid  phase  of inactivation  the  increase  in  current  amplitude  upon 
FIGURE 7.  N  channel  current  recorded 
with 5 mM BAPTA in the patch pipette and 
an  extracellular  solution  containing  1 mM 
Ba  ~+.  Holding potential  -80 mV; test  po- 
tential 0 mV for 1 s. 
perfusion with  10  mM  Ca  2+  was  larger  (3.5-  to  4.8-fold; mean =  4.1)  than  in  the 
seven experiments  in which little  change in kinetics was observed.  In these experi- 
ments,  the enhanced current inactivated to 71.3  -+  2.8% of peak in  200 ms and to 
46.7  -  8.4% after  1 s. In  1 mM Ca  2+, the smaller currents elicited from these same 
cells (held at -40 mV) inactivated to 85.3  +  7.3% of peak in 200 ms and to 73.8  -+ 
12.6% after 1 s. It thus appears that increases in current amplitude of ~ threefold or 
less  are  not  sufficient  to  cause  the  appearance  of the  rapid  phase  of inactivation, 
however larger current increases  do have  significant effects on inactivation kinetics 
suggesting  that,  even  with  10  mM  EGTA  as  an  intracellular  Ca  2+  buffer,  large 
increases in Ca  2+ influx can affect inactivation kinetics. 
Some experiments were performed with BAPTA rather than EGTA included in the 
patch pipette solution. At physiological pH BAPTA has a  similar affinity for Ca  2+ as 
does EGTA but an  on rate  two to  three  orders of magnitude faster  (Tsien,  1980). 
BAPTA should  therefore  more  effectively buffer  rapid  Ca  2+  transients  occurring 
inside the cell.  As with EGTA, with 5 mM intracellular BAPTA the ratio of rapid to 
slow  inactivation was variable.  In several  cells,  with  depolarizations from  -80  to 0 
mV, both rapid and slow phases of inactivation were observed, even when Ba  2+ was 
used as the charge carrier (Fig. 7). This further suggests that the rapid component of 324  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104  ￿9 1994 
inactivation  observed with  high  concentrations  of EGTA or  BAPTA in  the  patch 
electrode is not entirely a current-dependent process. 
N  Current  Carried  by Na + 
To examine  N  current inactivation under conditions in which the current carrying 
ion was not likely to support Ca-dependent processes we studied  N  current carried 
predominately by Na  + ions. As previously reported for L-type (Hess,  Lansman, and 
Tsien,  1986) and N-type channels (Carbone and Lux,  1988; Jones and Marks,  1989), 
we found that the to-CgTx-sensitive channels of chick DRG neurons became signifi- 
cantly permeant  to  monovalent cations when  the  extracellular  Ca  2+  concentration 
was reduced below micromolar levels.  When no divalent cations were  added to the 
extracellular solution and  1 mM EGTA was included, a sustained inward current was 
observed upon depolarization to potentials more positive than -55 mV. This current 
was  predominately carried  by Na + as  evidenced by the  fact that  its  amplitude was 
sensitive  to the  extracellular  Na  + concentration (usually set to 30 mM),  and  it was 
eliminated when Na + was eliminated from the bath solution (data not shown). 
This current was inhibited by to-CgTx. When cells were bathed in a  low-divalent- 
cation solution and  superfused with t0-CgTx (10  p~M), Na  + current  through the  N 
channels  was  eliminated  (n =  4;  Fig.  8 A).  Although to-CgTx-suppressed  currents 
were not studied for an extended period of time, the block persisted after washout of 
co-CgTx.  (The  longest  time  tested  was  76  s.)  Sensitivity  to  t0-CgTx was  somewhat 
reduced when the experiment was performed in a  different manner. When to-CgTx 
was applied to the cells in a calcium-containing bath (which eliminated Ca  2+ currents) 
and then a  low-divalent-cation solution applied,  some Na  + current was observed in 
two of three cells tested. When compared to the amplitude of Na  + currents measured 
in these cells before application of t0-CgTx,  13 and 35% of the current remained in 
the  two cells  (Fig.  8 B).  Complete block was observed in  the  third  cell.  It appears, 
therefore, that t0-CgTx may be more effective against N current carried by Na  + when 
the toxin is applied in the absence of Ca  2+ (Carbone and Lux,  1988). 
The variability in the degree of block by to-CgTx might be taken as evidence for 
multiple  channel  types  underlying  this  current.  However,  if  multiple  classes  of 
channel  exist,  they  must  all  fall  into  the  pharmacological  category  of  to-CgTx- 
sensitive N-type channels, since all Ca  2+ current was irreversibly blocked by the toxin 
(even in the two cells which exhibited residual Na  + current).  In any event, consider- 
ing the complete block of Ca  2+ current in these cells by ~0-CgTx, it is likely that the 
sustained  inward  Na  +  current  we  have  observed  (measured  in  the  presence  of 
tetrodotoxin  and  the  absence  of significant  external  divalent  cations)  is  passing 
through N channels. 
Interestingly,  the  deactivation  kinetics  of Na  + current  through  N  channels  (Fig. 
9 A ) often appeared slower than that of Ca  2+ current. (Ca  2+ current deactivation was 
fit with  1 exponential with a time constant of 430 I~s; Na  + current deactivation could 
be fit with two exponentials of time constants 0.67 and 5.4 ms.) This indicates that N 
channels have a longer mean open time, or reopen more frequently after repolariza- 
tion with Na  + rather than with Ca 2+  as  the current carrying ion. 
Steady state activation curves (Fig. 9 C) for N current carried by either Ca  2+ or Na  + 
were determined by measuring the amplitude of tail currents upon repolarization to COX AND DUNLAP  N  Channel Inactivation  325 
the  holding potential after  step  depolarizations to  a  series of test  potentials. With 
Na § as the charge carrier the steady state activation curve was very similar in shape to 
that measured with Ca  2+. Both curves were fit by a  Boltzmann equation with a  slope 
factor of 6. The activation curve for Na §  however, was  shifted  -15  mV relative to 
that for Ca  2§  This is most likely due to a  surface charge effect resulting from the 
lowered  extraceUular divalent cation concentration (Hille, Woodhull,  and  Shapiro, 
1975), because the Na + activation curve could be shifted to the position of the Ca  2+ 
curve when 5  mM Mg  2+ was added to the external solution (Fig. 9 C). 
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FIGURE  8.  0~-CgTx-sensitivity  of  inward 
currents  carried  by  Na  +  ions.  Currents 
through Ca  2+  channels carried by Na  + re- 
corded  before  (control), and after  (to-CgTx) 
application  of  to-CgTx.  (A)  The  cell  was 
bathed in a low-divalent cation solution con- 
taining 20  mM  Na  +,  The  control current 
was recorded, and the cell was then super- 
fused for 30 s with 10 v.M to-CgTx dissolved 
in the same bath solution. The trace marked 
to-CgTx was recorded  -  30 s after the appli- 
cation of t~-CgTx was  terminated (holding 
potential -80 mV, test potential -30 mV). 
(B) The bath solution contained 1 mM Ca  2+. 
The cell was superfused with a  low-divalent 
cation solution containing 30 mM Na + and 
the  control  current  was  recorded.  After 
washout of the low-divalent-cation solution, 
the cell was then superfused for 50 s with 5 
p~M  t0-CgTx  dissolved in  the  1  mM  Ca  2§ 
bath solution. The cell was again superfused 
with the low-divalent  cation solution and the 
trace  marked  t0-CgTx  was  recorded.  This 
trace was recorded  ~ 220 s after the termi- 
nation of t0-CgTx  application (holding po- 
tential -95 mV, test potential -25 mV). (A) Capacity and leak currents were subtracted using a 
P/4 protocol. Capacity and leak currents were not subtracted from the traces in B. Solutions (in 
millimolar): (A) bath: NMG-CI 82.5, TEA-CI 50, Hepes 25, NaCI 20, glucose 5, EGTA 1, TTx 
0.3 tzM; internal: NMG-CI 155, Hepes 10, TEA-CI 5, BAPTA 5. (B) bath: NMG-CI 70, TEA-CI 
50,  NaCI  30,  Hepes  25,  Glucose  5,  CaCI2  1,  MgC12 0.8,  Trx  3  v,M; low-divalent-cation: 
NMG-CI 72.5,  TEA-CI 50,  NaCI  30,  Hepes  25,  Glucose 5,  EGTA  1,  TTx  3  v,M; internal: 
NMG-CI  154, Hepes 10, EGTA 10, NaCI 3.6. 
To directly test for the  involvement of Ca  2+  in the  inactivation process,  currents 
through N  channels carried by either Na + or Ca  2+ were compared. To compensate 
for surface charge effects, N currents carried by Na  + were compared to Ca  2+ currents 
measured at potentials 15  mV more positive. Fig. 9 B  shows current measurements 
taken before (Ca) and after (Na) removal of divalent cations from the extracellular 
solution.  10  mM  EGTA was  included in the  patch  pipette. The current carried by 326  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104 ￿9 1994 
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FIGURE  9.  Na §  current through  N  channels.  (A and B)  Currents  in  the presence of  1 mM 
external Ca  ~+ (Ca) or during superfusion with a Ca  2§ free solution containing 1 mM EGTA and 
30  mM  Na §  (Na).  Holding potentials were  -80  mV (Ca) and  -95  mV (Na).  Test potentials 
indicated in parentheses. Voltage steps were 50 ms in duration in A and 1 s in B. (C) Activation 
curves  for  N  current  carried  by  Ca  2+  (O),  Na +  (O),  and  Na +  in  the  presence  of 5  mM 
extracellular  Mg  ~+  (&) were  determined from  tail current amplitudes  measured  at  -80  mV 
after 50 ms depolarizations. Mean peak tail current amplitudes equaled 4421  --  1682 pA (Ca), 
1368 •  660 pA (Na),  1047 •  524 pA (Na +  Mg). Points represent the mean •  SD of 10 (O), 6 
(O),  and  3  (A)  experiments.  Data  are  fit with  Boltzmann  relations  (1/l~x  =  1/(1  +  exp{(V 
J/2  -  V)/r})),  r  =  6,  VI/2  =  -21  (Ca  and  Na +  Mg),  Vu2  =  -37  (Na).  (D)  Current-voltage 
curves  normalized  to  peak  current  for  N  current  carried  by  Ca  ~+  (with  Cs +  as  the  major 
intracellnlar cation,  O),  Na +  (with  Cs + as  the  major intracellular cation,  0),  and  Na +  (with 
NMG + as the major intracellular cation, IlL (E) N  currents carried by Na § recorded during 1-s 
depolarizations  to  the  indicated  potentials  from  a  holding  potential  of  -95  mV  (Cs +  was 
replaced with NMG + as  the major intracellular cation).  (A, C, D)  Capacity  and leak currents 
were  subtracted  from  the  current records  using a  P/4  protocol  from  a  holding potential  of 
-  100 (Ca) or -  120 (Na). (B, E) Capacity and leak currents not subtracted. During exposure to COX AND DUNLAP  N Channel Inactivation  327 
Ca  2+ inactivated in a biphasic manner as already described. Na + current measured at 
an  equivalent  potential  [Na(-15)],  however,  inactivated  more  slowly  and  in  an 
approximately  linear  fashion.  The  loss  of  the  rapid  phase  of  inactivation  when 
switching from Ca  2+  to Na + was not due to differences in current amplitude as Na + 
currents measured as -30  mV (which were comparable in amplitude to Ca  2+ currents 
measured at 0  mV) also exhibited only slow, monophasic inactivation [Na(-30)]. 
The smaller amplitude of the inward current carried by Na  + compared to Ca 2+  in 
Fig. 9, A  and B,  is likely not due to a  decrease in the conductance of the N  channels 
when divalent cations are reduced below micromolar levels, but rather to an increase 
in  the  permeability of the  channels  to  Cs +.  Taking  into  account  a  15  mV  surface 
charge  effect,  this  increase in  Cs +  permeability results in a  -55  mV  shift in the  N 
current reversal potential from 60 mV (when Ca  2+ carries the current) to 5 mV (when 
Na + carries the current)  (Fig. 9 D).  From calculations using the Goldman-Hodgkin- 
Katz current equation (Hille,  1992)  the permeability ratio (Pc,/PNa)  was determined 
to  be  (0.24)  for  N  channels  under  conditions  of low  extracellular divalent  cation 
concentration. 
To  better  study  the  inactivation  kinetics  of  inward  Na +  currents  through  N 
channels, internal Cs + was replaced with the less permeant ion N-methyl o-glucamine 
(NMG+).  When  this  was  done,  Na +  currents  measured  at  -15  mV  with  30  mM 
extracellular Na + were similar in amplitude to Ca  2+ currents recorded at 0 mV with 1 
mM extracellular Ca  ~+, and the current-voltage relation for Na + current through  N 
channels  reversed  at  20  mV  (Fig.  8 D).  Although  in  two  experiments,  a  slight 
component of fast inactivation was observed, in general Na + currents inactivated only 
slowly and  in  an  approximately linear manner  (Fig.  9 E).  In  10  experiments,  test 
pulses to  -15  mV elicited Na § currents which inactivated to  11.1  _+  3.9% of peak in 
200  ms and to 27.1  -  7.8% in  1 s. 
Inactivation of Ca  2+ current as a function of prepulse potential reaches a maximum 
at the point of peak inward current,  as expected for a  Ca2+-dependent process (Fig. 
3). While it initially appeared that the U-shaped inactivation curve of Fig. 3 might be 
due in part to a  Ca-dependent process, results of Fig. 5 B  suggest that, with  10 mM 
internal  EGTA,  the changes  in current  amplitude observed over the  middle of the 
voltage range tested are not likely to be sufficient to cause appreciable differences in 
inactivation rate,  and  therefore,  that  the  U-shaped  inactivation vs voltage relation- 
ship is more likely due to complex voltage-dependent inactivation. If this is the case, 
solutions which contained low divalent cation concentrations, tight seals were often hard to 
maintain for more  than  3  to 4  min.  (Solutions) In A  and B,  the external solution for Ca  2+ 
current measurement was identical to that used to measure Na  + current (see Methods) except 
that 1 mM EGTA was replaced with 1 mM CaCI~. For the experiments illustrated in C, D, and 
E for which Cs  § was replaced with NMG  + in the internal solution, the following internal and 
external solutions were used: internal, NMG-CI 154-155,  Hepes 10, EGTA 10 (E), or BAPTA 
5(C and D), NaCI 3.6 (E) or TEA-C1  5  (C and D). Calcium external: NaCI 93,  NaOH  12.5, 
TEA-OH 50, Hepes 25, glucose 5, CaCI~ 1, MgCI2 0.8, TTx 0.3 ~.M. Sodium external: NMG-C1 
82.5 (C and D) 72.5 (E), TEA-CI 50, NaCI 20 (C and D) 30 (E), Hepes 25, glucose 5, EGTA 1, 
TFx 0.3 v.M (C and D) 3 v.M (E). For the Mg  ~+ shift experiment of7C, 5 mM Mg  2+ was added 
to this external solution and NMG-C1 was replaced with NaC1 75, NaOH  10. 328  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 104  ￿9 1994 
then  one. would  expect  to  see  the  same  sort  of U-shaped  inactivation curve  as  is 
illustrated  in  Fig.  3  when  Ca  2+  is  replaced with  Na +  as  the  charge  carrying ion. 
Results  of such  an  experiment  are  shown  in Fig.  10.  As seen  in  Fig.  10A,  500  ms 
conditioning pulses  to  -55  mV  (equivalent  to  a  conditioning pulse  to  -40  mV  in 
Ca  2+)  produced  little inward  current.  However,  as judged  by  the  ratio  of current 
amplitudes measured during test pulses to -25  mV before and after the conditioning 
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FIGURE  10.  Na  + current inactivation 
as  a  function  of conditioning  pulse 
potential.  (A)  The  relationship  be- 
tween  inactivation  and  conditioning 
pulse  potential was  studied  for  cur- 
rents carried by Na + through N chan- 
nels  using  the  triple-pulse  voltage 
protocol of Fig. 4.  Holding potential 
was  -95 mV. Test potentials (PI and 
P2) were to -30 mV for 20 ms. Con- 
ditioning pulses were  to  -55,  -25, 
-15,  25  (not displayed) mV for 500 
ms. (B) The ratio I3/II is plotted as a 
function of conditioning pulse poten- 
tial.  Each  point  represents  mean  -+ 
SD.  The  number  of experiments for 
each  point  is  indicated in  parenthe- 
ses.  (C)  N  currents  carried  by  Na § 
were recorded from a holding poten- 
tial of -95 and after depolarization of 
the  holding  potential  to  -55  mV. 
Current traces in C were leakage sub- 
tracted using a  P/4  protocol from  a 
holding potential of -95 mV; those in 
A were not leakage subtracted. 
pulse,  they did produce a  ~ 20%  inactivation of the N  current,  an amount  equal to 
that  observed with depolarizations to  -40  mV when  Ca  2+  was  the  charge  carrying 
ion.  However,  with  Na +  as  the  charge  carrier  depolarizations  to  more  positive 
potentials  did  not  produce  the  same  U-shape  inactivation  curve  as was  seen  with 
Ca z+. With conditioning-pulses to  -55,  -25,  or  -15  mV,  the  percent  inactivation 
observed over 500  ms  remained fairly constant,  independent  of current  amplitude Cox ANt) DUNLAP  N  Channel Inactivation  329 
(Fig.  10, A and B). With conditioning pulses to 25 mV, inactivation was somewhat less 
(~ 10%).  These results  suggest  that  the  inactivation-voltage relation  of Fig.  3  is  in 
some sense Ca-dependent  in  that replacing Ca  2+ with  Na + alters the  shape of the 
curve. Whether  this  Ca dependence  arises from the  absence of Ca  2+  influx,  or the 
removal  of extracellular  Ca  2+  is  not  yet  clear.  The  origin  of the  small  transient 
current  component  sometimes  observed  with  prepulses  to  -55  mV  is  unknown; 
however, as these traces were not leak subtracted with 0~-CgTx,  this component may 
represent  a  LVA current whose  amplitude  has  been  enhanced  by the  switch  from 
Ca  2+ to Na + as the charge carrier. 
As with Ca  2+ currents, Na + currents through N  channels were also sensitive to the 
holding potential. When Na  + currents were measured after prolonged depolarization 
of  the  holding  potential  from  -95  to  -55  mV,  voltage-dependent  inactivation 
produced a 50% reduction in current amplitude (Fig.  10 C). 
DISCUSSION 
The  purpose  of this  study was  to  investigate  the  mechanisms behind  the  biphasic 
kinetics and holding-potential-dependence  of N  current inactivation. We found that 
the HVA Ca 2+  current of chick DRG neurons inactivates in a  biphasic manner,  and 
that the rapid phase of inactivation is diminished relative to the slow phase when the 
holding  potential  from which  currents  are  elicited  is  depolarized,  as  others  have 
reported  previously  (Nowycky  et  al.,  1985;  Fox  et  al.,  1987a;  Swandulla  and 
Armstrong,  1988).  These  kinetics  cannot  be  ascribed  to  the  presence  of N-  and 
L-type channels  as originally  suggested  (Nowycky et al.,  1985)  because our studies 
were confined to t0-CgTx-sensitive, N-type current (Kasai, Aosaki, and Fukuda,  1987; 
McCleskey, Fox,  Feldman,  Cruz,  Olivera, Tsien,  and Yoshikami,  1987;  Plummer et 
al.,  1989;  Swandulla et al.,  1991). Similar inactivation properties have been observed 
for the N  current of rat sympathetic (Plummer et al.,  1989), rat DRG (Regan et al., 
1991),  and frog sympathetic neurons (Jones and Marks,  1989). 
We have considered two models to explain the properties of N current inactivation 
in  chick  DRG  neurons.  First,  that  it  is  due  to  a  combination  of fast  and  slow, 
voltage-dependent processes, the fast component being incomplete even with strong 
depolarizations.  The  reduction  in  the  ratio  of  rapid  to  slow  inactivation  upon 
depolarization  of  the  holding  potential  could  then  be  explained  as  follows.  At 
depolarized  holding  potentials,  a  larger fraction  of Ca  2+  channels  would  be in  an 
inactivated state, not available for opening. Fewer channels passing through the open 
state upon depolarization to 0 mV then would result in a smaller current relaxation to 
the new steady state level at which point only slow inactivation would be observed. In 
the  second  model,  the  N  current  inactivates by both  slow,  voltage-dependent  and 
Ca-dependent  mechanisms.  In  this  model,  depolarization  of the  holding  potential 
inactivates a large fraction of channels due to voltage-dependent inactivation result- 
ing  in  a  smaller current  upon  depolarization  to  0  mV.  The  reduced  rate  of Ca  2+ 
influx would  then result in a  slower rate of Ca-dependent inactivation reducing the 
fast phase of inactivation. 
Our experiments have produced three lines of evidence which indicate that the N 
current in chick DRG neurons can inactivate in Ca-dependent manner. Perhaps the 
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in the patch pipette is lowered from  10 to 0.1  raM,  the rapid phase of inactivation 
increased  ~ twofold relative to the slow phase, and the extent of inactivation in  1 s 
increased  from  54  to  80%  (Figs.  5  and  6).  The  changes  in  inactivation  kinetics 
observed are likely due to a  Ca2+-dependent  process. We considered  as a  potential 
source of artifact the possibility that in the low EGTA condition Ca  2+ accumulated to 
such an extent near the  intracellular  face of the  channels  that  the  electrochemical 
driving force for current through  the channels  decreased over time. While we were 
not  able  to  directly  measure  the  Ca  2+  concentration  near  the  membrane,  our 
simulations indicate  that with 0.1  mM intracellular  EGTA, over the course of a  one 
second voltage step, the Ca  2+ concentration near the membrane is not likely to rise to 
more  than  35  v,M.  Even  for  internal  concentrations  as  high  100  v,M,  however, 
calculations  based  on  the  mean  field  theory  (Hagiwara,  Ozawa  and  Sand,  1975) 
predict  (with  5  mM  extracellular  Ca  ~+)  only a  2% reduction  in current  amplitude, 
Inactivation actually observed was 83% (Fig. 6). A change in driving force, therefore, 
is unlikely to contribute significantly to the increase in rate and extent of inactivation 
that we observed upon lowering the EGTA concentration in the patch pipette. More 
likely, there is an inactivation process which is Ca2+-dependent, and the site at which 
Ca  2+ acts is accessible by EGTA. 
Further support for Ca2+-dependent inactivation comes from the result that, with 
0.1  mM  EGTA  in  the  patch  pipette,  increasing  the  Ca  2+  current  ~threefold  by 
increasing  the  extracellular  Ca  2+  concentration  significantly  increased  both  the 
maximum amount inactivation and the ratio of the amplitude of the fast to the slow 
components. These effects are apparently due to a Ca-dependent process since each 
condition employed the same voltage protocol. We considered the possibility that the 
increase in the extent of inactivation observed when the extracellular Ca  2+  concen- 
tration was increased was due to an effect on the  surface charge of the membrane, 
effectively shifting  the  membrane potential  in  the  negative  direction  10  to  15  mV 
(Frankenhaeuser  and  Hodgkin,  1957;  Hille  et  al.,  1975).  Results  from  Fig.  3, 
however, indicate that a  shift in the test potential of this magnitude would have little 
effect on the extent of inactivation, while hyperpolarization of the holding potential 
over this  range would  be expected  to  have only a  small  influence  (< 10%)  on  the 
number of channels available for activation (Cox and Dunlap,  1992). After washout of 
the high Ca  2+  solution, both current amplitude and inactivation kinetics recovered. 
Reversal of the inactivation kinetics lagged slightly behind that of current amplitude, 
however, suggesting a persistent effect of the high Ca  2+ solution. Such an action may 
be related to a  slow removal of intracellular Ca  2+ that accumulated during pulses in 
the high Ca  2+ solution. 
A third line of evidence in support of current-dependent inactivation of N channels 
came from experiments using Na + as the permeant ion.  Unlike Ca  2+ currents,  Na + 
currents through N  channels did not exhibit a rapid phase of inactivation, decaying 
slowly and approximately linearly over the course of one second depolarizations. This 
observation also supports the conclusion that rapid inactivation is dependent on Ca  2+ 
influx. 
Not all data support the involvement of Ca  2+ in fast-phase inactivation, however. 
Although  high  intracellular  concentrations  of EGTA or  BAPTA  (a  more  effective 
chelator,  Kohr and  Mody,  1991)  reduced  the  fast phase component,  they  did  not COX AND DUNLAP  N  Channel Inactivation  331 
eliminate  it.  Additionally,  increases  in  current  amplitude  of  ~ threefold  had  little 
effect  on  the  inactivation  kinetics  of  N  current  under  these  conditions  of high 
intracellular Ca  2+ buffering. Finally, increases in peak Ca  2+ current brought about by 
raising  extracellular  Ca  2+  did  not  reverse  the  reduction  in  rapid  inactivation 
produced  by depolarizing  holding  potentials  unless  the  increases  in  peak current 
were very large (> 3.5-fold). The most reasonable explanation for this latter result is 
that  when  the  rate  of  Ca  ~+  entry  is  greatly  increased,  the  intracellular  Ca  2+ 
concentration  is  not  effectively buffered  by  10  mM  EGTA,  and  the  Ca-dependent 
inactivation  process  becomes  manifest.  Bechem  and  Pott  (1985)  reported  similar 
results,  demonstrating  that  20  mM  EGTA  in  the  patch  electrode  was  unable  to 
completely suppress  the  Ca-dependent  inactivation  of Ca  2+  current  recorded from 
guinea-pig  atrial  myocytes. Thus,  certain  of our results  are  at  odds with  a  strictly 
current-dependent inactivation model which predicts an increase in the ratio of fast 
to  slow  inactivation with  an  increase  in  the  rate  of Ca  2§  entry  (Eckert  and  Chad, 
1984). 
Although  the  Na§  experiments  support  current-dependent  inactiva- 
tion, the interpretation of the data might be complicated. It is possible that removal 
of external Ca  2§ affects the gating of the N  channels directly, in a manner unrelated 
to Ca  2§ entry. In support of this idea, the deactivation kinetics of currents carried by 
Na § were found to be slower than those carried by Ca  2+, an effect which is likely due 
to destabilization of the closed state of the channel in the absence of external Ca  ~+ 
(Swandulla  and Armstrong,  1989).  The steady state activation curves of Fig.  9 C on 
the other hand,  demonstrate that during short depolarizations the relation between 
the proportion of channels in an open state and membrane potential is not altered 
when switching from Ca  ~§ to Na + as the charge carrier. Other channels are known to 
be sensitive to extracellular  Ca  ~+,  the rate of K §  current  inactivation in T  lympho- 
cytes, for example, has been reported to increase as the external Ca  ~+ concentration 
is raised (Grissmer and Cahalan,  1989). One final possibility to be explored in future 
experiments is that a subset of N channels, those which inactivate rapidly, do not pass 
monovalent ions and thus do not contribute to Na § current measurements. 
We  have  also  examined  inactivation  as  a  function  of membrane  potential.  In 
two-pulse experiments with  10  mM internal  EGTA and  Ca  ~+  as the charge carrier 
(Fig.  3)  the  relationship  between  conditioning  pulse  potential  and  inactivation  of 
Ca  2+  current during the test pulse has a  concave upward,  U  shape, with maximum 
inactivation  occurring  at  the  point  of peak  inward  current.  As  originally  demon- 
strated by Brehm et al. (1978), such a U shape is consistent with a current-dependent 
inactivation mechanism, and is inconsistent with a simple voltage-dependent mecha- 
nism with inactivating rate constants which  increase with  more positive depolariza- 
tions.  Results  of Fig.  5 B,  however,  indicate  that with  10  mM  EGTA in  the  patch 
pipette,  the changes in current amplitude produced by varying the test potential in 
Fig. 3 are not likely to produce significant Ca-dependent inactivation. An alternative 
explanation is needed.  In many respects our results are similar to Jones and Marks 
(1989)  who  studied  the  inactivation  of c0-CgTx-sensitive  Ca  2§  current  in  bullfrog 
sympathetic neurons.  Inactivation of this  current  proceeds with  both fast and  slow 
components. In two pulse experiments similar to that of Fig. 3 they also observed a U 
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tion.  They  proposed  that  a  U-shaped  inactivation  curve  could  be  produced  by  a 
strictly voltage-dependent  process  in which  the  rate  of inactivation  decreased with 
more positive depolarizations.  In their model, the negative slope of the inactivation- 
voltage curve at negative potentials is due to a region over which the microscopic rate 
constant for channel opening is increasing faster than the rate constant for inactiva- 
tion is decreasing.  Such  a  mechanism could  account for the  U-shaped  inactivation 
curve we have observed, and therefore offers a reconciliation between the apparently 
contradictory results of Figs. 3 and 5 B.  Lowering the concentration of Ca  2+ chelator 
in the patch pipette did not have substantial effects upon the inactivation kinetics of 
the  N  current  recorded  from bullfrog  sympathetic neurons,  thereby  distinguishing 
the  results  of Jones  and  Marks  (1989)  from  those  reported  here.  It  appears, 
therefore,  that among channels which conform to the pharmacological definition of 
N-type, there are subtypes with differing sensitivity to intracellular Ca  2+. 
The  ability  of  10  mM  EGTA  to  suppress  the  Ca-dependent  component  of 
inactivation we  have  observed  suggests  that  the  site  of Ca  2+  action  may be  some 
distance  away  from  the  channel  protein  as  the  extent  to  which  EGTA effectively 
buffer  intracellular  Ca  2+  declines  precipitously  within  tens  of nanometers  of the 
channel pore (Gutnick,  Lux, Swandulla,  and Zucker,  1989).  For the Ca  2+ current of 
Helix  neurons  an  enzymatic  mechanism  of  Ca-dependent  inactivation  has  been 
suggested whereby dephosphorylation of the channels by a  Ca-dependent phospha- 
tase causes channel inactivation (Chad and Eckert,  1986).  If such a mechanism were 
operative  for  N  channels,  differences  in  the  expression  of  regulatory  proteins 
between cell types might also affect the extent to which Ca-dependent inactivation is 
observed. Clearly more investigation is necessary to determine if Ca  2+ is acting in this 
system by an enzymatic pathway. 
In summary, our results indicate  that the inactivation of N  current  in chick DRG 
neurons is quite complex. With high concentrations of intracellular Ca  2+ chelator our 
results  are  best  explained  by  a  combination  of fast  and  slow  voltage-dependent 
processes.  When  lower  concentrations  of EGTA  are  used  in  the  patch  pipette  a 
current-dependent  inactivation mechanism becomes apparent. While  Ca-dependent 
inactivation is likely to be minimal under  the whole cell recording conditions  often 
used to study Ca  2+ current, it may contribute substantially to inactivation in vivo. 
Independent support for the presence of a Ca-dependent inactivation mechanism 
associated with the N-type Ca  2+ channels of chick DRG neurons comes from the work 
of Morad,  Davies, Kaplan, and Lux (1988).  Using the photosensitive Ca  2+ chelating 
agent DM-nitrophen they produced a rapid rise in the intracellular Ca  z+ concentra- 
tion  of freshly  dissociated  chick  DRG  neurons  and  observed  a  rapid  inhibition  of 
HVA Ca  2+ current.  Because the great majority of HVA Ca  ~+ current in these cells is 
blocked by 0~-CgTx, it is likely that the inactivation studied by Morad et al. (1988) was 
of N-type channels.  Our  studies  are also consistent with  those  of Kasai and Aosaki 
(1988) who, also studying chick sensory neurons, reported an increase in the relative 
proportion of fast to slow inactivation when the concentration of EGTA was lowered 
in the patch pipette. Interestingly, in their experiments, Ba  z+ was used as the charge 
carrier suggesting  that  Ba  z+,  as well as  Ca  2+,  is  able to support current-dependent 
inactivation. Cox AND DUNLAP  N  Channel Inactivation  333 
It is perhaps not surprising that N  channels exhibit Ca2+-dependent inactivation. 
In  addition  to  in  a  variety  of invertebrate  systems  (Brehm  and  Eckert,  1978; 
Tillotson, 1979; Ashcroft and Stanfield, 1981; Eckert and Chad,  1984; Gutnick et al., 
1989; Johnson and  Byerly, 1993),  Ca2+-dependent inactivation has been described 
for L-type Ca 2+ channels of mammalian cardiac muscle and neurohypophysis (Kass 
and Sanguinetti,  1984; Bechem and Pott, 1985; Kalman et al., 1988; Yue, Backx, and 
Imredy,  1990).  Negative feedback control of Ca  2+  entry may be a common mecha- 
nism  for the  regulation  of intracellular  Ca  z+  levels.  At  nerve  terminals,  where  N 
channels play a role in neurosecretion, adaptive responses to a series of stimuli might 
be  due,  in  part,  to  the  inactivation  of Ca  2+  channels  as  the  intraterminal  Ca  2+ 
concentration rises with each successive stimulus (Klein, Shapiro, and Kandel,  1980; 
Nowycky, 1991) as well as to the more rapid phase of  voltage-dependent inactivation. 
Voltage-dependent inactivation of N  channels might also play a  role in presynaptic 
inhibition  caused  by  prolonged  subthreshold  depolarizations  as  is  produced  in 
primary  afferent  nerve  terminals  of  the  spinal  cord  in  response  to  repetitive 
stimulation (Frank and Fourtes,  1957; Eide et al.,  1968). 
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